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The characteristics of variable-area and fixed-area atanizing 
nozzles are discussed in relation to uee in  aircraft gaa-tur99- 
engines. A variable-area fuel nozzle and 8 fu~l-diSt~ibiifi-~ coatrol 
that  were used in the experimental  operation of a turbojet engine 
are described.  Photographs are presented of the aprG produced by 
the  variable-area fuel nozzle and by the  fixed-area fuel nozzle 
that  is  currently in use on the engine. The  variable-area fuel 
nozzle produced a riner fue l  spray In the  lower half of the 
required  fuel-fluw regge operated  at a reduoed fuel-system 
pressure  at  the maximum i red  fuel-flow  rate. 

A comparison is,8180 made between aea-level performance charac- 
teristics  at zero rehi of a fill-sale turbojet  engine  equipped  with 
~mieible-are8 fuel nozzles and the performance  characteristios  of 
the engine equipped w i t h  fixed-are8 fue l  nozzles. The reduced  thrust 
specific fuel consumption in the lower half of the fuel-f low range, 
and the improved s t a r t i n g  charaoteristics obtained when the engine 
was equipped  with  the variable-ma fuel nozzle8 is  correlated with 
the  finer fuel spray. 

The  parer  range  over  whioh  the  aircr8Z-t  gas-turbine engine l e  
operated  requires a wide range of fuel-flow rates. The ratio of 
maximum to minimum fuel-flow rates employed in ourrent  gae-turbine 
engines i e  approximately 10 to 1 and ratios ae great as 100 to 1 
are contemplated for Arture engines. The problem of fuel atcanization 
that has resulted fra these wide flow rapgee has presented two 
difficulties:  that of providing 8 fine epray at minimum flow rates, 
and that of avoiding exoesslvely high fuel-pump pressures at msI-lmum + 
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flaw rates. This  investigation  at  the NA 

M C X  Rd No. E8D14 

,CA Cleveland  laboratory 
consisted of a etudy  of e possible  solution to both of these  diffi- 
culties. 

In the  pressure-type atmizing nozzle,  the  energy for breaklne 
up the  liquid  into  small  droplet8  ie  derived frm the pressure drop 
acroee  the  nozzle. The presaure  drop across a  fixed-area  nozzle 
increases in proportion to the  square  of the  rate  of flow so that, 
even  when  reasonably  high  fuel-system  preseuree oan be  tolerated 
at  the nnaximum flaw rate, over a wide portion of the  flow  range  the 
nozzle  pressure  drop may be  relatively  lox and the  atomization COA- 
sequently  poor. 

The relation  between  flow and pressure  drop of the  pressure- 
type atmizing nozele can be altered  by varying the  effeotive 
diecharge area of the nozzle. When the  effective  discharge area 
l e  varied, a  pressure  drop  high enough f o r  good atomizatlcm can be 
employed at the minimum flow  rate  wlthout  requiring  excessively 
high  fuel-system  pressures  at the mximum flow rate. The relation 
between  flow and pressure drop of the  variable-area  nozzle can be 
eseentially a etraight line, and the pressure drop over a wide 
flaw range cum be kept SUb8tantially  constant. 

Urge variations can occur in the flow reeietances  of  variable- 
area nozzlee that  operate  at nearly oonstant preesure drop. This 
vsriatian of flow resistance  precludes  the use of these  nozzles 
with the simple  manifold  fuel-distribution  syetem. The development, 
however,  at the NACA Cleveland  laboratory of a fuel-distribution 
control  (references  1  and 2) presents a possible means of using 
variable-mea  nozzle8  that operate at  nearly  con8tant  preseure 
drop  without  the didvantage of irregular nozzle-to-nozzle fuel 
diatributim. 

Accordingly,  a  eet  of 14 constant-pressure-drop  variable-area 
fuel nozzles were  designed and built  at  the  Cleveland  laboratbrJ! 
for operatian  with the fuel-dlstribution  control. The nozzles and 
the  control  were  ueed in the  operation of a  turboJet engine on a 
sea-level-statio  stand. A comparison I s  made between  the  ataniza- 
tion prdduoed by the  variable-area  fuel  nozzlee and the  fixed-area 
fuel  nozzlee  currently in uee on the  test engine. The starting 
and operating performance of  the  test engine when equipped with 
variable-area and with fixed-area f u e l  nozzles is alffo compared. 
The accuracy  with  which  this  fuel-diatribution control can maintain 
equal rates of flow to t h e  variable-area  fuel  nozzlee during actual 
engine operation wae studied. The starting r u m  were made in 
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conjunction  with a general  turbojet  gnglne-starting  inveetlgstion, 
the  results of which are reported in referenae 3. The same variable- 
area fuel nozzles and fuel-distribution  control were used in both 
of these  Investigations. 

Dura preliminary benoh etudies of the f'uel-diatribution ooptrol, 
two mdifioatians of the distributiccn control were  made. In the 
first modifioation,  the p i l o t  system of the  fuel-distribution  oontrol 
(desaribed in references 1. and 2) was altered in order t o  obtain 
more oonsistent control aoouracy when operating  with miable-area 
nozzles. The  second modifioation was the  additfaa to the distribu- 
tion  control of an automatic valve for shutting off flow in individual 
fuel-nozzle linee in the  event of line b m e .  The autanatic valve, 
which presents a possible man8 of decreasing the bazards of nozzle- 
line breakqe suoh as m i g h t  be caueed by batt le damage, is desoribed 
in the appendix. 

Variable-Ares Fuel Nozzle 

The variable-area f u e l  nozzle0 used in this  Investigation were 
of the  vortex type. The vortex-type nozzle essentially  coneiste of 
a oylindrical swirl chamber into whioh the fuel  flaws tangentially 
and a circular  orifioe, conoentrZc with the cylindricerl chamber, 
through which the  rotating mess of fuel is Uischarged. The spray 
resultlng fkcan this type of nozzle is in the form of a hollaw cope. 

Conventimal  vortex  nozzles such as are currently used op the 
anglne of thie investigatian have a fixed dfscharge o r i f l o e  and 
fixed tangential openings into the cylindrical swirl chamber. 
Variable-area fuel nozzles of the type investigated have a fixed 
discharge  orifice, but the area of the  tangential openings into 
the  cylindrical ewirl ohember is varied by a pressure-sensitive 
means. 

A cutaway  drawing of the  erperimental  variable-area fuel 
nozzle is s h m  in figure 1. Fuel flows into t h e  nozzle as indicated 
by the  arrow^. The pressure-sens€tive elernent is a bronze bellars, 
the spring ra te  of which i e  au@ented by a helical sprlng. Fuel 
pressure  acts on the outside of the bellows; the  inside of the 
bellows is vented to the engine canbustion chamber. As the fuel 
pressure  inoreases, the bellawe is oompreseed and the plunger is 
drawn upward, progreseively uncovering the holes that are tangen- 
t ia l ly  drilled into the swirl chamber. Ih operation, the differential 
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the branch pressure i e  trsnamitted damward. I;f the preeeure in a 
branch l ine is lower than  the pressure .k.snslaitted to the opposite 
por t  of the cheok valve, the diaQhrw is moved dawnward and the 
higher pressure entering the upper port l e  transmitted downward. 
In this manner, the highest preesure erietfng in any of the brauoh 
lines is transmitted downward t o  chamber C. The diaphragm-operated, 
p i l o t  resistance valve positiaPle iteelf to maintafn the pressure 
in chamber D equal t o  that in chamber C. The pilot  regulator Jet  
therefore always discharges into a preeeure  equal t o  that exleting 
in the branoh line feed- the nozzle vhose resistan- ~ E I  hlgbest. 

The pilot  element i e  ueed t o  feed txm of the 14 erpgine Are1 
nozzlee. E this nozzle should have the highest resisteram, the 
diapbrap-operated pilot  reeistance valve moves to a wide-open 
positioa and the pilot  regulator Jet agaip die-gea into Q p e e -  
eure equal t o  that ezietiag in the branch llne feeding the nozzle 
w i t h  the  higheet resistance. A photograph of the fuel-dietributicm 
control used in the investigatian is shown in figure 4. 

An 1-40-9 turbojet engine mounted op a sea-level s ta t io  atand 
was used in this investigatim. The f'uel-distributian  control WBB 
mounted on the epgine and Individual rotameters were installed in 
each line cmrying  fuel fram the m t r o l  t o  the engine fuel  nozzles. 
The rotameters wed covered a range from 50 t o  350 pounds per  hour. 
The variable-area fue l  nozzlee were installed in the gne;ine air 
adapter in the conventional lacation. The epark plug6 were se t  
back radially 314 inah f'rm the cap-tioplal location t o  aocaollllLodate 
the  wider cane -le of the fuel spray produced by the variable- 
area fuel  nozzlee at the etar t ing  fuel-flow rate. A rotameter 
0overin.g 8 rBp88 f r a u  500 t o  7000 pounds per hour was wed t o  
measure rate of t o t a l  fuel f l o w  t o  the epging. B@ne thruet was 
measured with a calibrated etrain having a range of 50 
t o  5000 pounds. Engine-etarting data  were obtained with the 
recording  instruments  deemibed in r e f e m c e  3. The mBpIx83 fuel 
control wBa of the two-lever type, ham a throttle levbr and a 
stopcock lever. An a d j u h b l e  bypase around the throttle m a  
prodded so that, with the throt t le  closed and the stopcock open, 
a fuel-f law rate eufficlent for eplgine idle speed wae maintained. 

All engine runs were d e  at ambient temperatures between 
40° and 60' B. The engine waB operated  through a range of epeeds 
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from 4000 t o  11,500 rpm. The to ta l  fuel-flow rate,  the  fuel-flow 
rate to  each nozzle, and the s ta t ic  thrust were reoorded. 

Runs were made w i t h  the variable-area fuel nozzlee in the 
engine and also w i t h  the  fixed-area fuelnozzlee  current4 being 
used in service for e omparison of engine performance. The variable- 
area fuel-nozzle and the fixed-area fuel-nozzle runs were made 
alternately to avoid errors due t o  -e or instrument deterioration. 
The fuel-distrlbutfm cantrolwae w e d  with both types of f u e l  nozzle 
during the run8 made for a camp&rleon of engine performanoe. In 
order t o  obtain data for  a conrparis~ of fuel-system pressures,  one 
set  of runs was made using the manifold fuel system currently in 
uee on the engine. Kerosene f u e l ,  AIJ-F-32, m a  used for a l l  engine 
operation. 

RESULTS AID DISCUSSION 

The resulte of the investigatiaa are  discussed with respect 
t o  nozzle  characterietice and fuel dfatributicm, effect o f  atmiza- 
t im on engine operating  characteristics, and fuel-system charac- 
te r i s t ics  during engfne operatian. 

Nozzle Characterietios and Fuel Dis t r ibu t ion  

Relation of flow and pressure drop. - The relation of flow and 
pressure drop of the variable-mea and the fixed-area fuel  nozzles 
used in the eagine investigation are  shown in figure  5(a). A t  low 
flow rates,  the pressure drop across t h e  fixed-area  nozzle I s  very 
low. Because of the law pressure drop, very l i t t l e  energy is 
available t o  break up the l iqu id  f u e l  and the atomization is con- 
sequently poor. The pressure drop acrose the fixed-area noz,zle 
inoreases in proportion t o  the square of the flow rate, resulting 
i n  a  relatively high pressure at the laarimum rate of flow. 

The relation between flow and preeeure drop of the  variable- 
area nozzle used in the engine m e  (fig. 5(a)) was essentially 
a  straight  llne up t o  240 paunds per hour and the pressure drop 
was eubstantially caaretant. Above 240 pounds per  hour the pres- 
sure drop increased sharply. Thie sudden increase in pressure 
drop wae  a result of insufficient  tangential-hole  area in the nozzle. 
Af'ter the engine runs  were  ccxnpleted, more tangential holes were 
drilled in the nozzle and the  strafght-line relatian was extended 
t o  a flow rate of 500 pounds per hour (fig.  5(b) ) . nearly a8 high 
a pressure drop oan therefore be used at the lome% flow rate as will 
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be required at the  highest  flow rate. wlffioient  energy can thereby 
be provided for  good atanlzation over t h e   f u l l  range of fuel-flov 
rates without excessively high  fuel-system pressures at the maximum 
flow rate. The variable-area fuel nozzles of the type  used in t h i e  
investigatian were found t o  be capable Cxr produoing a finely atcmized 
spray mer a flow rang6 flxm 30 to 500 pounda per hour with 8 uorres- 
pond- pressure range f r c a n  50 t o  70 pounde per aquare inoh. 

Visual ccmparison of f u e l  eprays. - Photographa of the spray 
produced  by the  variable-area and the fixeU-area nozzles that were 
used in the  engine runs are shown in figure 6. We flm rates 
shown are 40, 65, 80, 125, E O ,  and ZOO pounds per hour. The finer 
atomization produoed by the variable-- nozzle in the law-flow 
range  beaus8 of the greater pressure drop i e  readily apparent, The 
lower flow-rate limit at whioh the variable-area fuel nozzle produced 
a fine spray similar t o  that 8 h ~ m  at 40 pounds per hour (fig. 6(a) ) 
w a s  approxiaaately 30 pounds per hour. 

Calibration of variable-area fuelnozzlerr. - Frcmthe spread of 
calibrations of the 14 variable-area nozzles uaed in the eIlgins runs 
(fig. 7), it can be seen, by tracing a 1-e of equal pressure drop, 
that if the nozzles were fed f’rcm a c~llplc~l manifold a8 in currant 
turbojet-englne fuel ayetems, the dietributiosl would be very erratic, 
The poor d is t r ibu t ion  would be due primarfly t o   t h e  ccumtgat pressure- 
drop  characteristio of the nozzlse, as a r e s u l t  of w h i c h  large 
differences in flow rate OBP exlet between nozzles a t  the ~ d m e  pres- 
sure drop, 

Fuel   dis t r ibut ion during &e operertim. - The rate of flow 
f r a n  the  fuel-distributicm  ocmtrol t o  each variable-area nozzle as 
measured w i t h  rotameters  during erngine m8 is shown in figure 8. 
Over the range of nozzle flow rates fram 65 t o  3ll pounds per hour, 
the maximum deviation A.om the mean flow r a t e  wus 3.3 percBpt, 
including a possible rand- rotameter error (reference 2) of f3 pounds 
per hour at a l l  flow rates. This distribution  accuraoy i e  ecmewhat 
bet ter   than that obtained with fixed-mea fuel nozzles and w i t h  a 
fixed pilot-nozzle resietanoe on the iue ld i8 t r ibKt ian  oontrol (ref- 
erence 2). This improvamgnt in dietributian-oontro1 perionnance is 
probably due t o  the modified p i l o t  syetem in -oh the pilot-nozzle 
res is tance is autoraatically  adjusted at a l l  times t o  equal the 
greatest  resistance of gny of the 14 nozzles. 

Ef’fect of Atcmizatlm on -8 Operating  Characteristios 
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SUMMARY OF RESULZS 

11 

D n n an investigation of the  sea-level  performance  character- 
istics  at  zero  ram  pressure  of a turbojet engine equipped with 8 

fuel-distribution  control  with  variable-area  fuel nozzles and wfth 
ffxed-area f u e l  nozzlee,  the  following remlte were  obtained: 

1. The variable-area fuel nozzles of the  type used in this 
investigatian were found to be  capable of producing a finely stmized 
spray  over a flow rate range of 30 to 500 pounds p e r  hour with a 
oorrespmding  preeeure  range  of 50 to 70 pounds per square inch. 

2. The fuel  epray produced by  the variable-area fuel nozzle was 
visibly  finer than that  produced by the  fixed-area  fie1  nozzle 
currently in use c83. the  turbojet  engine in the  range of nozzle  fuel- 
flow rates of 30 to approximately 190 pounds per hour. Above 
190 pounds  per hour, there  was no visible  difference in the  spray 
produced by the two nozzlee. 

3. The  fuel-distrfbution  control  regulated  the  rate of flow to 
the 14 variable-area fuel nozzle8  with a maxhaum deviation f r o m  * 

uniform distribution of 3.3 percent  (including  the  possible  randam 
rotameter  error of f3 lb/hr) over a range of nozzle fuel-flow rakes 
of 65 to 311 pounds per hour. 

4. With  variable-area fuelnozzlea,  in the  range of nozzle fuel- 
flow rates below 190 pounds  per hour, the t h u t  speclfic  fuel  con- 
sumption of the  engine was definitely  lower  than when operating  with 
the  fixed-area  nozzles. Above 190 pounds per hour, there was no 
appreciable  difference in the  thrust  specific fuel conaumption of 
the engine with  either nozzle. 

5. The engine was started  consistently  with a constant  engine 
fuel-flow rate of 580 pounds  per hour when  equipped  with  variable- 
area fuel nozzles. In each of approximately 30 starts,  the peak 
tail-cone gas temperature wa8 between 1400' and 1650' F. 

6.  With  vaxiable-area  fuel  nozzles, ignitim delay during 
starting had no appreciable  effect on the  peak  tail-cone gas tem- 
perature. The fuel  spray was apparently fine enough to  be blown 
out  of  the engine before Ignition. 

7. The maximum throttle-outlet  pressure,  which  occurred at 
maximum sea-level  static  power, waa 200 pounds  per square inch gage 
when  variable-area fuel nozzles were used. 
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Control method.  - A edhematio d l w  ehowing the ccmbina t l~  
of fuel-distribution oontrol, fuel nozzles, and damage-oontrol valve 
is shown in f'igure 15. Fuel flcms fram the  dietribation ecutrol 
through the valve seat and i n to  the valve chamber f r a n  whieh it 
flows through the brapch line to the  variablearea nozzle. The 
oheok valves of the preesure eeleotor 82y) v e ~ t e d  dawnstream of the 
damsge-control valva and tranamit  the  higheat  branch-line pres- 
t o  chamber C in the manner discweed in ccmnectlan with figure 3. 
Chamber C i a  ahso vented to the d i a p h r w  ohamber of ea& damage- 
ccntrol valve. A spring acts on the vslve stem exerting a force %n 
the direction of the valve opening. 

Before starting, the preeeures an both side8 of the damage- 
control-valve d i a p h r w  8x8 zero gage and the spring mainta ins  the 
valve open. During etartipg, m e  brmoh-line pressures build up at  
nearly equal rates so that there is, at most, only a ems11 closing 
foroe  acting on the valve, w h i c h  l e  reelsted by the spring. With 
variable-area nozzlee, the branch 1-e is at  8 subetaptial preseare 
at a l l  flow reha,,  80 that the epring be set to remist a 
reasonable pressure differential between the dIaphr&@n & d e r  aad 
the valve chamber of the damage-oontrol vslve. Ae lcag as the 
variable-ares  fuel  nozzles ure funotlaoing properly, this ~Z%BB~IIW 
differential w i l l  be ermsll in relation  to  the preaeure level, anU 
the spring will maintain the valve open, Xn the event of branch- 
l ine breakage, the preseure in the broken line drops t o  zero gage 
Snd the  resulting large pressure differential oloaee the d m  
again& the spring. The e h u t t a  oif  of flow in any branoh line 
does not  affect the flow t0 the remaining branah lines as regulated 
by the  Azgl-distributZon cmtrol,  1l the flow in the p i lo t  line is 
ahut off, however, the iueldistributica  eontrol wl l l  mace t o  
f u o t i o n  properly.  or t ~ e  ~ ~ B C B L ,  a k-wntrol valve cannot 
be placed in the pilot line. 
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(a) Typical  experlmental variable-area f u e l  
nozzle  and fixed-area fue l  nozz le  used in 
investigation on turbojet engine. 
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(b) variable-area f u e l  nozz le  w l t h  additional 
tangential holes. 

Figure 5 .  - Relation between f l o w  and presswe drop f o r  
variable-area a n d  fixed-area f u e l  nozzles. Fuel, AN-F-32. 
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Figure 7.  - calibration apread of variable-area fuel 
nozzles used in turbojebengine investigation. Fuel, 
AN-F-32 0 
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Figure 8. - Deviation  from mean f u e l  f l o w  at various flow rates. 

variable-area f u e l  n o z z l e s  with fuel-distribution c o n t r o l  
operating on turbo  Jet engine. 
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Figure 9. - Sea-level  static thrust s p e o i f i o   f u e l  consumption f o r  
turbojet   engine  operating wlth variable-area  fuel   nozzles  and w i t h  
f ixed-area  fuel   nozzles;   data  corrected  to   standard sea-level con- 
d i t iona.  
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Figure 10. - Sea-level static thrust for a turbojet  engine operat- 
i ng  with variable-area fuel nozzles and w i t h  fixed-area fuel 
nozz les ;  data correctod  to standard sea- lovol  conditlnna. 
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Figure 11, - Sea-level stat ic  fuel. consunption f o r  t u rbo je t  
engine operating with  variable-area fuel nozzles and with 
fixed-area fuel nozzles; data corrected t o  standard. sea-level 
conditions. 



42 

3200 

2800 

R 2400 
k 

a 
4 2000 
a 
d 
8 1600 

1200 

800 

200 

0 

NACA RM No. E8D14 

I 1 I YTai l - cone  gas temperature I 

20 40 60 80 

Time from start of fuel rlow, sec 

Figure 1%. - T n i C a l  starting charac te r i s t ics  
of turbojet engine equipped with varlable-  
area f u e l  nozzles. 
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Figure 13. - Time remrd o f  delayed ignition starts o f  turbojet 
engine equipped nfth variable-area fuel  nozzles. 
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0 Fuel-distribution  control w i t h  
variable-area  fuel nozzles  

0 Manifold  fuel system with 

A Fuel-distribution  control 
with  variable-area  fuel 
nozzles with  added tan- 
gential holes (oaloulated 
values ) 

fixed-area nozzles 
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Figure 14. - Thrott le-outlet  rue1 prsssures required on 
a turbo jet  engine,operat!ng at sea- leve l  sta?ir. c9n- 
tiitloris, with d i s t r i ’ au t loq  coctrol  and vnr lnb le - sroa  
f u e l  nozzles and with manifold fue l  37st,em and r:xc:i- 
area i’uol n o z z l e s ,  
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